For n-type solar cell concepts, B emitters are commonly diffused in a BBr 3 -based process. However, the metallization of these p + layers is challenging. Up to now, low contact resistances on B emitters were only reported to be possible using Al-containing Ag screen-printing pastes. A drawback of the addition of Al to the paste is that, facilitated by the Al, deep metal spikes grow into the Si surface. As these spikes are deep enough to penetrate the emitter and affect the space charge region, they are made responsible for low V oc values that limit solar cell efficiency. However, in 2015 Engelhardt et al. reported specific contact resistances around 1 m cm 2 of Al-free Ag screen-printed contacts on B emitters diffused by inductively coupled plasma plasma enhanced chemical vapour deposited SiO x :B layers. In their process the doping layer remained on the wafer serving as surface passivation layer. The low contact resistances were attributed to the presence of the doping layer. In this work we use two Al-free Ag screen-printing pastes for contacting a BBr 3 -based B emitter. Specific contact resistances well below 10 m cm 2 are reached on alkaline textured wafers with dielectric layer. It is shown that with the use of Al-free Ag screen-printing pastes deep spiking can be avoided and therefore a wider window of firing parameters is available. These results allow the use of the same screen-printing paste on both sides of the solar cell. Additionally it is shown, that with an old generation Al-free Ag paste low specific contact resistances can only be achieved in a narrow firing window at low temperatures. The addition of Te to the old generation paste shifts and broadens the temperature range for which low specific contact resistances are reached to higher firing temperatures.
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Abstract
For n-type solar cell concepts, B emitters are commonly diffused in a BBr 3 -based process. However, the metallization of these p + layers is challenging. Up to now, low contact resistances on B emitters were only reported to be possible using Al-containing Ag screen-printing pastes. A drawback of the addition of Al to the paste is that, facilitated by the Al, deep metal spikes grow into the Si surface. As these spikes are deep enough to penetrate the emitter and affect the space charge region, they are made responsible for low V oc values that limit solar cell efficiency. However, in 2015 Engelhardt et al. reported specific contact resistances around 1 m cm 2 of Al-free Ag screen-printed contacts on B emitters diffused by inductively coupled plasma plasma enhanced chemical vapour deposited SiO x :B layers. In their process the doping layer remained on the wafer serving as surface passivation layer. The low contact resistances were attributed to the presence of the doping layer. In this work we use two Al-free Ag screen-printing pastes for contacting a BBr 3 -based B emitter. Specific contact resistances well below 10 m cm 2 are reached on alkaline textured wafers with dielectric layer. It is shown that with the use of Al-free Ag screen-printing pastes deep spiking can be avoided and therefore a wider window of firing parameters is available. These results allow the use of the same screen-printing paste on both sides of the solar cell. Additionally it is shown, that with an old generation Al-free Ag paste low specific contact resistances can only be achieved in a narrow firing window at low temperatures. The addition of Te to the old generation paste shifts and broadens the temperature range for which low specific contact resistances are reached to higher firing temperatures.
Introduction
For screen-printing metallization of B emitters used, e.g., for bifacial solar cells, until now the addition of Al to the Ag paste was unavoidable to obtain reasonably low contact resistances, as older generation Al-free, Pb containing pastes led to specific contact resistances above 50 m cm 2 [1] [2] [3] . The high contact resistance of these Alfree pastes was probably caused by a lack of surface defects needed for Ag crystal growth. These defects are present in P emitters, e.g. in form of P precipitates. The contact formation process of Al-containing Ag screen-printing pastes to B emitters differs from the one of pure Ag pastes to P emitters [4] : facilitated by the Al in the paste, metal spikes grow locally into the Si surface. These spikes can feature depths of several μm and are thus considerably deeper than Ag crystals in Al-free screen-printed contacts. The local metal spikes are deep enough to penetrate the emitter and affect emitter and space charge region [5, 6] resulting in reduced cell efficiencies. The development of screen-printing pastes that do not show this spiking problem, but are capable to reasonably contact B emitters is therefore of great interest.
Engelhardt et al. showed a promising approach in 2015. They used pure Ag screen-printing pastes to contact B emitters diffused by inductively coupled plasma plasma enhanced chemical vapour deposited (ICP-PECVD) SiO x :B layers [7] . After B diffusion, the doping layer remained on the wafers as surface passivation layer. Contact resistances around 1 m cm 2 were reported. The low contact resistance was attributed to an enhanced number of defects at the Si surface due to the presence of the SiO x :B layer.
In this work the contact formation of different Al-free Ag screen-printing paste capable of contacting B emitters is investigated by means of transfer length method (TLM) and scanning electron microscopy (SEM).
Experimental
For the first experiment crystalline n-type Cz Si base material (156x156 mm 2 ) was used with a resistivity of around 2-3 cm. Wafers were alkaline textured and cleaned. Then a 50 / BBr 3 emitter was diffused. The borosilicate glass was removed and the surface was passivated by a SiO 2 /SiN x :H stack (thermal SiO 2 ). Then TLM test structures were screen-printed on the wafers using a current Al-free Ag screen-printing paste. In the firing process set peak temperature and belt speed of the IR belt furnace were varied. After firing TLM test structures were isolated and the specific contact resistance was measured. For SEM analysis, parts of each sample were etched back in diluted HF for a top view observation. Additionally, samples were embedded in epoxy resin and mechanically polished to facilitate the investigation of cross-sections.
To investigate if the results can be explained by a changed paste composition compared to older generation pastes, an additional experiment was conducted. In this second experiment an Al-free Ag paste produced according to an old paste recipe and the same paste with Te added were used. The same procedure as in the first experiment was applied, in this case with two different B emitters. In this second experiment, contacts were fired at temperatures between 800°C and 925°C in a fast and a slow firing process. For SEM sample preparation, contacts were completely etched back in diluted HF and aqua regia to observe the imprints of Ag crystals on the Si surface.
Results
Fig . 1 shows the emitter profiles of the emitters E1 and E2 used in the two experiments after thermal oxidation measured by electrochemical capacitance voltage (ECV) measurement. The emitter E1 features a B surface concentration of 3.4·10 19 cm -3 . The depletion of B concentration at the surface is due to the high temperature process during thermal oxidation. Emitter E2 shows a more pronounced B depletion at the surface, featuring a B surface concentration of 1.4·10 19 cm -3 . No B-rich layer is present at the surface of both emitters. Therefore, the dopant surface concentrations are 1-2 orders of magnitude lower than the one commonly used for P emitters that can be contacted well with standard Ag screen-printing pastes.
Current Ag paste
In Fig. 2 specific contact resistances on emitter E1 after firing at different peak set temperatures are presented for two belt speeds. 24 TLM structures are measured on one wafer. Temperatures are shown as deviation from the medium temperature. For all temperatures and belt speeds median and mean values (presented by the points in the graph) of the specific contact resistances c lie well below 10 m cm 2 . The lowest values are obtained for the fast firing process and the highest firing temperature. Additionally, for the fast firing process the scattering of the measured values decreases for higher firing temperatures. This trend cannot be observed for contacts fired in the slow process, but for the highest firing temperature the least scattering can be observed here as well. Fig. 1 . Emitter profiles of emitters E1 and E2 measured by ECV. Fig. 2 . Box plot of specific contact resistances for different firing temperatures and belt speed. Fig. 3 a) shows a SEM micrograph of an etched back contact featuring a low specific contact resistance ( T=0, fast). Close to the tips of the Si pyramids Ag crystals are grown into the Si surface. The crystals are distributed over the whole contact area. In Fig. 3 b) a polished cross-section of the contact interface can be seen. The cross-sections of small Ag crystals can be seen on the Si surface. They have a depth of around 200 nm and are separated from the bulk contact by a thin glass layer. Rarely crystals with a depth of up to 400 nm can be observed. The contact structure above regions with Ag crystals is homogeneous and shows small pores. For Al-containing Ag screenprinting pastes, Ag-Al crystals could only be found below regions of the contact showing an inhomogeneous microstructure with Al [4] . Therefore, it is concluded that the contact formation mechanism of Al-free Ag pastes to B emitters is based on different mechanisms. 
Old generation Ag paste
The presented results of the first experiment show that current Al-free Ag pastes are capable to contact B emitters. This is in contrast to former investigations, where contacting B emitters with Al-free pastes resulted in high contact resistances. To examine if variations in paste formulation of old generation compared to current pastes are responsible for this different results, a paste produced according to an old paste recipe was used. In addition to emitter E1 an emitter with an enhanced B surface depletion was used in the second experiment, to include variations of the emitters in the experiment.
In Fig. 4 TLM results on the two emitters for peak set firing temperatures of 800°C and 825°C fired in a slow process are shown. Specific contact resistances below 2 m cm 2 are reached for both emitters, showing that also on an emitter featuring a pronounced B surface depletion, low c can be reached. For higher firing temperatures (850°C-925°C) no reliable c values could be measured. 5 shows SEM images of contacts on emitter E1 fired at 825°C and 875°C etched back completely (HF and aqua regia). At 825°C small imprints of Ag crystals can be found on the Si surface. They occur mainly at the edges of the Si pyramids. At 875°C larger imprints can be found. For emitter E2 a comparable surface structure is observed. The analysis shows, that although the size of the Ag crystals on the Si surface increases with increasing firing temperature, for temperatures 850°C the specific contact resistance is too high to be measured by TLM. Probably the glass layer between the Ag crystals and the bulk contact grows with firing temperature, as it is the case for Ag pastes on P emitters [8] . For temperatures 850°C the glass layer could be too thick to allow a current transport by tunnelling through the glass layer. For wafers fired in a fast firing process, reliable c values could only be measured for 825°C.
Old generation Ag paste containing Te
In the last years there has been an increasing tendency to add Te as a component of the glass frit contained in Ag screen-printing pastes. To examine the influence of the Te on the contact formation of Ag pastes to B emitters, Te was added to the old generation Ag paste and printed on wafers with emitter E1.
In Fig. 6 specific contact resistances of the Te-containing paste fired in the slow firing process are presented. At 800°C no reliable contact resistance could be determined. With increasing firing temperature c decreases until temperatures between 875°C and 900°C are reached. At temperatures above 900°C, c increases again. For temperatures between 850°C and 925°C very low c values where reached. in contrast to the specific contact resistances of the paste without Te at these temperatures (compare Fig. 4) . For contacts fired in the fast firing process, the same trend can be observed, shifted to slightly higher firing temperatures. Fig. 6 . Specific contact resistances of screen-printed contacts of old generation Ag paste with Te added on emitters E1 fired in a slow firing process. For 800°C no reliable contact resistances could be determined by the TLM.
In Fig. 7 SEM images of completely etched back contacts fired at 825°C and 875°C are shown. In contrast to the Te-free paste, at 825°C no imprints of Ag crystals can be found at the pyramid edges whereas at 875°C large imprints are visible.
Discussion
In the first experiment it was shown that a current Al-free Ag screen-printing paste is capable to reliably contact a BBr 3 -based B emitter, allowing contact resistances below 10 m cm 2 . The reason for this low contact resistance was found in small Ag crystals observed on the Si surface below the contacts.
To investigate the reason for the improvement of electrical contact quality compared to the results of older investigations, an Ag paste produced according to an old paste recipe as well as two different emitters varying in B surface depletion were used. No significant difference between the two emitters could be observed, indicating, that changes in the emitter are not responsible for the low contact resistances compared to older results. With the old Fig. 7 . SEM micrographs of contacts of the Te-containing old generation paste on emitter E1 etched back completely. a) at 825°Cno imprints of Ag crystals can be found on the Si surface. b) at 875°C large imprints can be found.
generation paste low specific contact resistances were only found for a small firing window: for the slow firing process for 800°C and 825°C, for the fast firing process only at 825°C. For contacts fired at higher temperatures no reliable values could be measured by TLM.
The very small firing window combined with the low firing temperatures could be a possible reason, why up to now only high specific contact resistances were found for screen-printed Al-free Ag contacts on B emitters.
Adding Te to the old generation Ag paste resulted in a changed temperature behaviour: at 800°C and 825°C, the temperatures where low c values were reached for the paste not containing Te, contacts of the paste containing Te show the highest specific contact resistances. For temperatures 850°C specific contact resistances 2 m cm 2 were measured for the Te-containing paste, whereas for the paste without Te the TLM measurements did not result in reliable c values. Comparing the SEM images of the pastes with and without Te also shows that the addition of Te shifts the optimum firing temperature (considering the specific contact resistance) to higher temperatures. Based on these results, Te seems to play a crucial role for the contact formation of Al-free Ag pastes to B emitters.
Conclusion
In this work, Al-free Ag pastes were successfully used to contact BBr 3 -based B emitters with SiO x /SiN x :H passivation layer. Specific contact resistances well below 10 m cm 2 were achieved on a standard B emitter contacted with a currentAl-free Ag paste. This low value can be attributed to the existence of Ag crystals grown into the Si surface at the tips and edges of the Si pyramids as indicated by SEM images of the etched back contact interface. The Si crystals show a depth of around 200 nm and are therefore shallow enough not to reach the space charge region. Cross-sections show that the contact formation mechanism is different to the one of Al containing pastes. To further examine the issue, an old generation Ag paste was printed on two emitters differing in B surface depletion. No significant differences in specific contact resistance could be observed for the emitters featuring different boron surface concentrations. Therefore it is concluded, that changes in the emitter are not solely responsible for the improvement in contact resistance. For the old generation paste low specific contact resistances could only be observed for low firing temperatures. The addition of Te to the old generation paste resulted in a broader firing window and a shift of low specific contact resistances to higher firing temperatures. The addition of Te to the paste seems to play an important role for optimizing Ag pastes for the use on B emitters, as it changes the temperature range where low specific contact resistances can be reached.
